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Abstract
Plastic accumulation in the environment is rapidly increasing, and nanoplastics (NP), byproducts of environmental weathering of bulk plastic waste, pose a significant public health risk. Particles may enter the human body through many possible routes such as ingestion, inhalation, and skin absorption. However, studies on NP penetration and accumulation in human skin are limited. Loss or reduction of the keratinized skin barrier may enhance the skin penetration of NPs. The present study investigated the entry of NPs into a human skin system modeling skin with compromised barrier functions and cellular responses to the intracellular accumulations of NPs. Two in vitro models were employed to simulate human skin lacking keratinized barriers. The first model was an ex vivo human skin culture with the keratinized dermal layer (stratum corneum) removed. The second model was a 3D keratinocyte/dermal fibroblast cell co-culture model with stratified keratinocytes on the top and a monolayer of skin fibroblast cells co-cultured at the bottom. The penetration and accumulation of the NPs in different cell types were observed using fluorescent microscopy, confocal microscopy, and cryogenic electron microscopy (cryo-EM). The cellular responses of keratinocytes and dermal fibroblast cells to stress induced by NPs stress were measured. The genetic regulatory pathway of keratinocytes to the intracellular NPs was identified using transcript analyses and KEGG pathway analysis. The cellular uptake of NPs by skin cells was confirmed by imaging analyses. Transepidermal transport and penetration of NPs through the skin epidermis were observed. According to the gene expression and pathway analyses, an IL-17 signaling pathway was identified as the trigger for cellular responses to internal NP accumulation in the keratinocytes. The transepidermal NPs were also found in co-cultured dermal fibroblast cells and resulted in a large-scale transition from fibroblast cells to myofibroblast cells with enhanced production of α-smooth muscle actin and pro-Collagen Ia. The upregulation of inflammatory factors and cell activation may result in skin inflammation and ultimately trigger immune responses.
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Background
Environmental pollution from overproduction, transportation accidents resulting in the accidental release, inadequate waste handling and disposal procedures coupled with ill-fated recycling programs are resulting in significant, widespread plastic pollution. The properties of plastic that once made it attractive for use, such as durability, resistance to wear, and low cost of production have become problematic as discarded plastics persists in the environment indefinitely while manufacturing of new plastics continues to increase. Over time, environmental conditions and photodegradation can cause bulk plastic waste to be broken down into nanoscale fragments, nanoplastics (NPs) [1–3]. In addition to the degradation of bulk waste, nano and microscale plastic particles, may also enter the environment from industrial waste and personal care products. Many commercial personal care products contain microbeads, and recently, NPs have been found in these products [4]. These small plastic fragments are stable and durable and may persist in the environment for hundreds to thousands of years [5].
Humans are inevitably exposed to plastic particles on many occasions through different exposure routes. Nanoplastic exposure can occur via ingestion, inhalation, or absorption through the skin [6–8]. Due to their small size, NPs have a large surface area and high surface energy and have the potential for deep biological and vital organ penetration [9, 10]. Compared to other organs, human skin employs a unique structure to provide protection against external stressors. Recent studies suggested the ubiquitousness of the micro and nanoplastics in the environment even in some extreme conditions, such as the North Atlantic Ocean and deep oceans [11, 12]. As the first barrier against pathogens, chemicals, and particles from the environment, human skin is constantly exposed to environmental plastic particles. The keratinized layers on the surface of the skin help prevent environmental particles from entering the epidermis. However, keratinized layers are often missing in areas of injured or diseased skin. External factors, such as detergents, solvents, and excessive hydration, can all remove the stratum corneum and the underlying lipid bilayers. Internal factors from the hosts that can compromise the skin barrier include age [13], inflammatory skin diseases [14, 15], and skin allergies [16, 17]. Loss of the protective barrier makes human skin permeable to many particles and chemicals in the environment [18]. Therefore, patients with damaged skin barriers are at higher risk of NP absorption through epidermal transport.
Inside the skin, NPs can be taken up by epidermal keratinocytes and ultimately to reach dermal cells through transepidermal transportation. The NPs retained in the epidermis may promote inflammation by triggering the production of proinflammatory cytokines [19, 20]. In addition, the environmental NPs often accumulate various organic compounds on their surfaces which may contribute to triggering more severe inflammatory reactions in the skin [21]. However, previous studies on NP dermatoxicity primarily used skin cells as models, which failed to represent the characteristics of real human skin. In this study, besides monitoring the uptake of NPs by skin keratinocytes and dermal fibroblast cells using fluorescent imaging and cryo-EM, two human skin equivalents, ex vivo skin culture and 3D keratinocyte/fibroblast cell co-culture, were used to demonstrate the transportation of NPs through the skin epidermis without the protection of stratum corneum. The accumulation of NPs in skin cells demonstrated the impacts on cell genetic response and cellular behaviors. The results of the study may provide useful information contributing to a better understanding of the potential risk of human skin exposure to environmental NPs, particularly in the population with compromised barrier functions in skin.

Results
NP uptake was found in both keratinocytes and dermal fibroblast cells
NPs with two different sizes, 100 nm and 500 nm in diameter, were both taken up by the skin keratinocytes and fibroblast cells after 16 h of incubation. It was difficult to visualize the individual NPs inside or on the surface of cells due to their sizes. The fluorescent signal intensities were used to estimate the abundance of the NPs. With regular fluorescence microscopy, co-localization of NPs and cells was observed. Limited NPs with 500 nm diameter were found to co-localize with keratinocytes (Fig. 1a) and dermal fibroblast cells (Fig. 1b). NPs accumulated to form clusters. Those clusters overlapped with about 60% of cells in the field (Fig. 1a and b). In contrast, 100 nm NPs were found to co-localize with more keratinocytes (Fig. 1c) and fibroblast cells (Fig. 1d) compared to 500 nm NPs. Over 90% of the keratinocytes or fibroblast cells overlapped with the 100 nm NP signals. Higher NP densities around nuclei were noted in dermal fibroblast cells as shown in the confocal imaging (Supplementary Data Fig. S1).
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Fig. 1Accumulation of NPs in keratinocytes and dermal fibroblasts. 500 nm polystyrene NPs were able to enter keratinocytes (a) and dermal fibroblasts (b). 100 nm polystyrene NPs also accumulated in keratinocytes (c) and fibroblasts (d)
 The cryo-FIB image showed the possible location of intracellular NPs (a, scale bar: 20 μm). The particles in this location (b, scale bar: 5 μm) were identified by the XEDS to be high carbon (C) density particles which are different than the intracellular background with high level of oxygen (O) (c). CM: cell membrane. Resolution of XEDS is 75 nm x 75 nm


To confirm the entry of the NPs to skin cells, cryogenic focused (cryo-EM) was used to visualize the intracellular NPs. A cross-section of the cell was first formed using cryogenic focused ion beam (cryo-FIB) milling and then the exposed face was imaged using cryogenic scanning electron microscopy (cryo-SEM). High contrast particles were observed intracellularly (Fig. 1e, Supplementary Data Fig. S2a), which suggested the inclusion of a high-density particle. This was then further characterized by X-ray energy dispersive spectroscopy (XEDS) mapping (Fig. 1f and g, Supplementary Data Fig. S2b). From XEDS the intracellular NPs showed a strong carbon signal along with an associated reduction in signal from oxygen (Fig. 1g, Supplementary Data Fig. S2c). In contrast, other regions of the cytoplasm showed a strong O signal, co-located with a weak C signal, which is characteristic of the hydrate intercellular region (Fig. 1g, Supplementary Data Fig. S2c). The strong C and weak O signal of the high contrast particles indicate polystyrene nanoparticles (Supplementary Data Fig. S2d).

NPs penetrate the skin epidermis without the protection of keratinized barriers
The penetration of NPs through the human skin epidermis was simulated using a skin ex vivo culture model (Fig. 2a). The skin culture maintained the natural status of the real skin for at least four days since many basal layer keratinocytes were under proliferating as shown by the presence of Ki-67 positive nuclei (Fig. 2b, nuclei with red color). The healthy skin under normal conditions has a thick layer of highly keratinized stratum corneum layer on top of the keratinocytes (labeled S in Fig. 2c). This stratum corneum layer sufficiently kept the 100 nm NPs from skin penetration as most of the NP signals were seen on top of the skin after 48 h of incubation (Fig. 2d). The stratum corneum can be absent in many skin disorders, this situation was simulated by the physical removal of the stratum corneum (Fig. 2e). Without the protection of stratum corneum, the skin epidermis became more permeable to NPs as a significantly increased number of NPs were seen in all layers of epidermis (Fig. 2f). The average NP signal intensity per cell in the skin epidermis without stratum corneum was 38.87 ± 7.52 pixels/cell while it was 9.23 ± 2.70 pixels/cell in the skin with the stratum corneum (p = 0.01, Fig. 2g).
[image: ]
Fig. 2Penetration of NPs into the skin with missing stratum corneum in ex vivo culture. The human skin explant was cultured in vitro (a) and the proliferating progenitor keratinocytes were identified at the basal area of the epidermis after 4 days of in vitro culture (b, cells with red stain on nuclei). With the highly keratinized stratum corneum layer of the skin (c), most NPs were accumulated at the stratum corneum layer (d). In the skin culture without stratum corneum (e), NPs were found in all layers of the epidermis (f). The intra-epidermal NPs were quantified by measuring the signal intensities (g, y-axis unit: pixels/cell) and the proliferation rates of basal epidermal cells (h) were calculated in all samples. SC: stratum corneum. Dashed line: basement membrane. Scale bar: 50 μm


Although more NPs were found in the epidermis of stratum corneum missing skin culture, there was no significant difference in the proliferation rates of the basal layer keratinocytes. The percentages of proliferating basal keratinocytes in control and stratum corneum missing skin cultures were 29.15 ± 2.18% and 26.90 ± 4.42%, respectively (Fig. 2h).

Accumulation of NPs in keratinocytes may induce inflammation and tissue remodeling
Accumulation of NPs in keratinocytes altered the expression levels of several inflammation-related genes. NPs in both 100 nm and 500 nm diameters were tested. The applications of G1000n and NP1100n particles to keratinocytes were to identify the potential effects of the fluorescent tags on the gene expression of keratinocytes. The results showed no significant difference in the expression of all 17 tested genes when the cells were exposed to the fluorescent G1000n and non-tagged NP1100n (Fig. 3 and Supplementary Data Fig. S4). Amount all 17 genes tested in this study (Fig. 3a), four genes showed altered expression patterns in response to the stimulation of 100 nm NPs within four hours. The expression level of two cytokines, tnfa, and cxcl2, reached 1.52 ± 0.22 fold (p = 0.0011) and 1.66 ± 0.37 fold (p = 0.0095) respectively, compared to naïve cells (Fig. 3b). The other two genes, ptgs2 (COX2 encoding gene) and mmp1, demonstrated similar upregulation in their expression patterns at four-hour post stimulation of 100 nm NPs. Their expression levels were enhanced to 1.93 ± 0.18-fold (p = 0.0300, Fig. 3c) and 1.65 ± 0.25-fold (p = 0.0026, Fig. 3d), respectively. The four upregulated genes were annotated to the genetic regulatory pathways in the KEGG database and a human IL17 regulatory pathway (hsa04657) was identified. Within the IL17 family, IL17A and IL17F were found to be the upstream regulators to produce CXCL2, TNF-α, COX-2, and MMP-1 in keratinocytes. The expression patterns of all other 13 tested genes under the stress of NPs were included in Supplementary Data Fig. S3. Despite the alterations in gene expression, there was no significant change in the proliferation of cells as indicated in Fig. 2h. In addition, no alterations in cell migration in response to NP stimulation were identified (Supplementary Data Fig. S4).
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Fig. 3Genetic response of keratinocytes to the stress of intracellular NPs. The overall gene expression patterns under different NP stress were demonstrated by the heatmap with the relative mRNA levels by qPCR (a). The expression levels of tnfa (b), cxcl2 (c), ptgs2 (COX2 encoding gene, d), and mmp1 (e) were found to be upregulated by 100 nm NPs. All these genes were involved in the IL17/IL17R regulatory pathway (f, constructed based on the KEGG PATHWAY: hsa04657



NPs progressively penetrated the 3D keratinocyte culture in vitro
To assess the penetration of NPs through the skin epidermis, an in vitro keratinocyte 3D culture model was built. Since the keratinocytes in normal human skin comprise multiple layers (Fig. 4a), the keratinocytes in the cell culture inserts were stratified and cultured at the air-liquid interface (Fig. 4b). Stratification resulted in the generation of multiple keratinocyte layers over the membrane of the insert (Fig. 4c) while the stratum corneum layer was not developed (Fig. 4a and c). The penetration of 100 nm NPs occurred progressively along the time course. After 4 h of penetration, very few NPs were seen at the basal layer of the cell culture (Fig. 4d, top left). In contrast, many more NPs were found at the basal layer after 24 h of penetration (Fig. 4d, top right). The side view of the stratified keratinocyte culture confirmed the finding. The NPs originally applied to the surface of the cell culture only penetrated the superficial layers of keratinocytes after 4 h of incubation (Fig. 4d, bottom left) while the majority of the NPs reached the layers of keratinocytes in the middle of the construct (Fig. 4d, bottom right).
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Fig. 4Transepidermal penetration of NPs. The epidermal structure of human skin (a) was simulated by the 3D keratinocyte culture (b) which showed well-stratified keratinocytes as seen in real human skin (c). The depth of NPs in the epidermis and densities of NPs at the basal layers of the epidermis at 4 h post-treatment (hpt; left) and 16 hpt (right) were visualized by in-depth 3D scanning of the culture constructs (d). Scale bar: 50 μm



Transepidermal NPs reached and activated the co-cultured dermal fibroblast cells
The impacts of transepidermal NPs on the stromal cells in the dermis of human skin were assessed using the 3D keratinocyte/fibroblast cell co-culture model. The 3D keratinocyte culture constructs containing inserts were hung over the monolayer dermal fibroblast cells grown in the wells (Fig. 5a). The distance between the basal layer of the 3D keratinocyte culture and the fibroblast cells was 0.9 mm according to the manufacturer’s instructions. The membrane of the cell culture insert served as the basement membrane which allows the attachment of basal layer keratinocytes. The pore size of the insert membrane is 0.4 μm which is relevant to the size of the pores on the basement membrane (0.79 μm on average) [22]. In addition, the pores on the insert membrane allow the 100 nm NPs to traverse the membrane and interact with the co-cultured dermal fibroblast cells. With the different duration of NP transepidermal transportation, the number of NPs transported across the membrane differed. This was demonstrated by the numbers of NPs accumulated in the co-cultured fibroblast cells shown in Fig. 5b and c. Only a small number of NPs was found in the fibroblast cells after 4 h of epidermal penetration (Fig. 5b). In contrast, NP signals were detected in all cells in co-cultured fibroblast cells after 24-hour transepidermal transportation (Fig. 5c). As a control, 1.0 ppm NPs with 100 nm (Supplementary Data Fig. S5a) or 500 nm (Supplementary Data Fig. S5b) were directly applied to the top of the cell culture inserts with the dermal fibroblast cells co-cultured underneath. With a 24-hour incubation, a great number of 100 nm NPs were taken by the fibroblast cells while no signals for 500 nm NPs were detected in co-cultured fibroblast cells. This suggested the sufficient blockage of 500 nm NP penetration by the cell culture insert due to the pore size (0.4 μm).
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Fig. 5Effects of NPs on co-cultured dermal fibroblasts. The NPs released by the epidermis through the pores on the cell culture inserts were taken up by dermal fibroblasts (a) at 4 h (b) and 24 h (c) after epidermal treatment. The pro-collagen Ia levels in fibroblasts at 4 h (d) and 16 h (e) were estimated by immunofluorescence. The α-SMA levels in fibroblast cells were also measured after 4 h (g) and 24 h (h) NP treatment on co-cultured 3D keratinocyte cultures. The quantification of α-SMA levels was achieved by immunofluorescence as well (i). Scale bar: 50 μm


Subsequently, the differing numbers of transepidermal NPs altered the status of the co-cultured dermal fibroblast cells. Low levels of pro-Collagen Ia (pro-Col Ia) were found in the fibroblast cells cultured under the keratinocytes with 4-hour NP penetration (Fig. 5d). In contrast, 24-hour NP penetration increased the production of pro-Col Ia in fibroblast cells (Fig. 5e) to 3.47 ± 0.45-fold (p = 0.0191, Fig. 5f). Similarly, a significant elevation of α smooth muscle actin (α-SMA) level in the co-cultured fibroblast cells was observed when increasing the NP penetration time from 4 h (Fig. 5g) to 24 h (Fig. 5h). A 2.02 ± 0.44-fold change was identified with the quantification analysis (Fig. 5i).


Discussion
The motivation of the present study was to visualize the transportation of NPs through the skin epidermis and identify the cellular responses to the intracellular accumulation of NPs. Therefore, we applied two skin equivalent constructs to demonstrate the NP penetration. The ex vivo skin culture maintained the most natural characteristics of real human skin including the viable keratinocytes and stromal cells in the dermis as well as the protein components in the basement membrane and dermis. It is also a great tool to demonstrate the importance of the stratum corneum as the barrier. Previous studies suggested that the entry of NPs into the epidermis of healthy skin was primarily through hair follicles [23]. However, the skin stratum corneum can be lost by many means, such as sunburn [24]. In our study, the stratum corneum was removed to mimic similar skin conditions. NPs migrated to the different layers of the epidermis with the removal of the stratum corneum. Very few NPs were seen to enter the dermal area of the skin culture. The migration of NPs through the dense irregular connective tissue in the dermis may be difficult without the help of cellular carriers. The depth of particle penetration through the skin may depend on the materials and surface properties of the particles. A previous study on the skin absorption of TiO2 and ZnO on the skin with sunburn showed very different migration patterns of these two particles in the skin [24].
The 3D keratinocyte/fibroblast cell co-culture model simplified the skin system by maintaining only two types of cells, which are the dominant cells in the epidermis and dermis respectively. This model allows us to monitor the penetration process of the NPs in the epidermis. The transepithelial transport of nanoparticles has been extensively studied for drug deliveries. Nanoparticles can penetrate the epithelia through transcellular and paracellular transport pathways depending on the types of nanoparticles and epithelia [25–27]. In the skin epidermis, nanoparticles with a 100 nm diameter will be extremely difficult to transport paracellularly because of the large number of cell-cell junctions, especially the tight junctions [28]. Although the locations of NPs in the epidermis could not be identified due to the limitation of the imaging technique, it is reasonable to speculate that the majority of intraepidermal NPs were in the keratinocytes, which caused the cellular behavioral changes through the internal effect. Interestingly, we also noticed that not all the NP particles traveled across the entire layers of the epidermis and reached the dermal areas based on the results from the ex vivo and 3D cell culture models. Although we could not quantify the NPs that penetrated the epidermis, we found a reduced number of NPs accumulated in the co-cultured dermal fibroblast compared to the fibroblast cells incubated with the original concentration of NPs (Fig, 5c vs. Supplementary Data Fig. S5a).
Additionally, the involvement of dermal fibroblast cells in the host response to NPs was also investigated using the co-culture model. Since the sizes of the pores on the keratinocyte culture membrane are comparable with the actual pore sizes on the basement membrane between the epidermis and dermis in the skin, penetration of NPs through the membrane simulated the entry of NPs into the dermal layer in real human skin. As a heterogeneous cell population, the dermal fibroblast cells were believed to be involved in the reconstruction of the dermal extracellular matrix [29], the development of hair follicles [30], as well as epithelial-mesenchymal reactions [31]. The quiescent dermal fibroblast cells can be activated by a number of internal and external factors including skin diseases and disorders [32–34]. The activation of dermal fibroblast cells was also observed in our study. Although the positive correlation between the numbers of NPs in dermal fibroblast cells and the levels of fibroblast cell activation was identified (Fig. 5), it is unclear whether the cell activations were triggered by the NPs directly or through the paracrine regulation by co-cultured keratinocytes which were also treated with NPs. The paracrine regulatory factors secreted by the keratinocytes may also be an important factor for fibroblast activation [35–37].
The factors that were produced by keratinocytes in response to the NP accumulation included TNF-α, CXCL2, COX-2, and MMP-1, which were all downstream factors of the IL-17 pathway according to the result from KEGG pathway analysis. The TNF-α, CXCL2, and COX-2 are well-known factors involved in inflammatory responses. One of the critical roles is to recruit the neutrophils in the skin [38, 39]. These factors may be released to the dermal area for neutrophil attraction and dermal fibroblast cell activation [35, 40, 41]. It is also interesting to see the level of MMP-1 in keratinocytes was upregulated by the NP treatment. Although primarily produced by dermal fibroblast cells, MMP-1 in keratinocytes was reported to be correlated to skin damage, such as UV irradiation [42], diabetic chronic wounds [43], and oxidative stress [44]. Recent studies suggested that oxidative stress is the major cellular response to micro and nanoplastic stimulation in many other types of cells [45–47]. Therefore, it is likely that the upregulation of MMP-1 in keratinocytes was a downstream reaction of the oxidative stress initiated by the intracellular NP accumulation.
Despite the valid experimental models and methods applied to this research, the limitation of this study is the application of commercial nanopolystyrene particles in the experiments. Because of the modification of these NP particles for fluorescently labeling purposes, some surface properties of the NPs were altered. For example, the NPs were modified on the amine, carboxyl, or sulfate groups to tag different types of fluoresceine. While we characterized the surfaces of these NPs with different modifications, amine modification significantly altered the zeta potential of the polystyrene nanoparticles (+ 40 mV) compared to the non-labeled polystyrene beads (-40 mV). In this study, we used the carboxyl-modified NPs which showed a minimal modification in zeta potential (-44.5∼-58 mV). This minimizes the influence of the fluorescent labels on our study. However, the NP particles used in this study cannot fully simulate nanoplastic particles in the environment since the environmental particles are known to be colonized by ‘ecocorona’ containing various environmental compounds [48]. While the non-conditioned NP particles used in this study allowed us to understand skin penetration and cellular accumulation and related mechanisms, our ongoing study focused on the environmentally conditioned NP particles which will provide more environmentally relevant results in the future.
In summary, loss of the keratinized barrier really gives the NPs a great chance to enter and penetrate the skin epidermis (Fig. 6). Intracellular NPs will induce the keratinocytes to produce more inflammatory factors, immune response components, as well as signaling molecules. These factors may alter the status of the keratinocytes in the epidermis and also induce the stromal cells in the dermis. These transepidermal NPs may be taken up by stromal cells like dermal fibroblast cells, macrophages, and endothelial cells. They may eventually enter the circulatory system and be transported to other organs (Fig. 6). A recent study identified microplastic particles from human blood [49] suggesting that the NPs are possible to enter the circulatory system through one of the major entry pathways. Furthermore, the circulating NPs can also penetrate the blood-brain barrier to affect the nervous system as reported by another recent study [50]. Due to the limitation of the experimental models used in this study, we are not able to further detect the transportation of NPs inside the dermis. However, it is clear that protection of human skin is critical to prevent the entry of NPs into the human body through skin absorption.
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Fig. 6The hypothetical pathways of NP transepidermal penetration (a) and genetic response of keratinocytes to NPs (b)



Conclusion
The entry of NPs into human skin can systematically affect the integumentary system by manipulating the behaviors of many types of cells. The transcript analysis with selected genes suggested a possible induction of the IL-17 regulatory pathway. Additionally, the increased number of myofibroblast cells suggests that an inflammatory response will be initiated by NP accumulation in skin cells. Therefore, skin protection against NPs for patients with compromised barrier function in skin is recommended.

Materials and methods
Nanopolystyrene particle uptake by cells
Fluorescently labeled polystyrene nanoplastic particles (NPs) with a diameter of 100–500 nm were purchased from Sigma-Aldrich (St. Louis, MO). Keratinocyte cell line, HaCaT, and GFP expressing HaCaT cells were gifts from Dr. Seok Jong Hong at Northwestern University, Feinberg School of Medicine. Wildtype HaCaT and GFP-labeled HaCaT cells were used in this study. Dermal fibroblast cells were isolated from human skin tissues purchased from the Cooperative Human Tissue Network (CHTN). The epidermis of the skin was completely removed by treatment of 0.25% dispase (Gibco, Billings, Montana) in PBS overnight at 4 °C. The minced dermal tissues were digested overnight with 0.1% collagenase I (Gibco) in DMEM medium at 37 °C with 5% CO2 input. Cells isolated from dermal tissue were cultured in DMEM with 10% FBS and antibiotics (Pen-Strep, 1,000 I.U./mL Penicillin and 1,000 µg/mL Streptomycin).
The GFP-HaCaT were grown in the keratinocyte serum-free media (KSFM) supplemented with recombinant epidermal growth factor (rEGF), bovine pituitary extract (BPE), and Pen-Strep antibiotics. The NPs were added to the cell culture media with a final concentration of 1 ppm. Incubated at 37 °C with 5% CO2 input for 16 h, the GFP-HaCaT cells and dermal fibroblast cells were thoroughly washed with sterile PBS solution to remove the extracellular NPs. The cells were then briefly fixed in 4% paraformaldehyde (PFA) and observed under a fluorescent microscope (Olympus CKX53SF Inverted fluorescent microscope) or confocal microscope (Zeiss LSM 980 with Airyscan).

Identification of intracellular NPs
The intracellular NPs taken up by keratinocytes were confirmed by the cryogenic focused ion beam (cryo-FIB) scope at the Center for Integrated Nanotechnologies (CINT, Los Alamos National Laboratory, NM). The keratinocytes were grown on a carbon-coated Au transmission electron microscopy (TEM) grid (Sigma-Aldrich). Prior to the growth of the cells, the grid was coated in 0.05% poly-L-lysine overnight followed by a thorough wash with sterile PBS. The coated grid was deposited at the bottom of a cell in a 24-well cell culture plate. Keratinocytes were seeded to the well at a concentration of 5,000 cells/well. With an overnight growth in KSFM media, the keratinocytes in the well usually reach 50% confluence. Thereafter, the cells were treated with 1 ppm fluorescent NPs overnight and thoroughly washed with PBS to remove the NPs from the background. The grid with the NPs attached to it was then briefly fixed in 4% PFA and flash frozen (vitrified) in liquid ethane and transferred to a Thermo Fisher Scientific Scios 2 dual beam SEM/FIB equipped with a cryogenic stage cooled to -153 °C using cryogenic transfer equipment from Leica Microsystems (VCM, VCT500). A 10 nm layer of Pt was deposited using a cryogenically cooled sputter coater (ACE600) before loading the sample into the cryo-FIB. A protective Pt layer was then deposited and the cells were milled using the Ga+ ion beam at 16 keV/2.5 nA, with cleaning cross sections performed at 16 keV/0.5 nA. Imaging was carried out at a low accelerating voltage of 5 keV/50 pA to reduce charging and increase contrast. Nanoparticles with high contrast were observed within the hydrated (vitrified) cellular background. To further characterize the particle, the exposed face was scanned with X-ray energy dispersive spectroscopy (XEDS) using an EDAX Octane Elite detector.

Skin epidermal penetration by NPs
The penetration of NPs through the skin epidermis was tested using the ex vivo skin culture model [51]. In brief, the full-thickness skin tissue was purchased from the CHTN. Each skin sample was split into two halves. The keratinized epidermal layer, stratum corneum, was removed from the epidermal surface by tape-stripping as previously described [40, 52]. The other half remained the stratum corneum as was. The skin tissues were grafted with a Goulian skin graft knife to generate partial-thickness skin containing the full epidermal layer and a thin dermal layer (10–20% full dermal layer). The skin grafts were then sutured to the outer surface of the cell strainers. The whole construct was supported by the underneath E-medium described in the previous publication [51]. NPs with a diameter of 100 nm were diluted in E-medium to 1 ppm and applied to the top of the skin culture with or without the stratum corneum for 48 h. The proliferation rates of basal epidermal cells in the skin cultures with or without the stratum corneum were estimated using immunohistochemistry with Ki-67 cell proliferation markers. Hematoxylin was used as counterstaining. The NPs in the different layers underneath the stratum corneum were estimated by measuring the total fluorescent signal intensity divided by the total number of epidermal cells in the image.

Genetic response of keratinocytes to NP accumulation
HaCaT cells were grown in KSFM medium in 6-well plates to a confluence of 80%. The cells were then treated with 1 ppm NPs with various sizes and fluorescent dyes: 100 nm NPs with red fluorescence (R100n), 500 nm NPs with red fluorescence (R500n), 1000 nm NPs with green fluorescence (G1000n), and 1100 nm NPs with no fluorescent tags (NP1100n). The treatment lasted 4 and 16 h and cells were immediately harvested with Trizol Reagent (Invitrogen). RNAs from all samples were purified and the DNAs were removed by the TURBOTM DNase kit (Invitrogen). The cDNAs were made with the SuperScript IV Reverse Transcriptase kit (Invitrogen) following the manufacturer’s protocol and were used for the quantitative PCR (qPCR) of the selected genes. Those genes were possibly involved in the inflammatory response in keratinocytes and were previously tested in our studies [41, 53, 54]. The primers used in this study were synthesized at the Integrated DNA Technologies (IDT DNA, Coralville, IA) and the sequences of the primers were all listed in the Supplementary Data Table S1. The qPCR was performed using the SYBR Green method on a QuantStudio 3 real-time thermocycler (Applied Biosystems, Waltham, MA). The relative gene expression of each sample was calculated using the ΔΔCT method [55]. Based on the results of qPCR, selected genes were screened in the KEGG database for pathway identification [56].

Transepidermal transportation of NPs in keratinocyte 3D culture
The transportation of NPs within the epidermis was estimated using a 3D keratinocyte culture system, which simulates the stratified squamous epithelial structure in the skin epidermis. The GFP-HaCaT cells were seeded on cell culture inserts (0.4 μm pores) and stratified with the E-medium for 14 days [40, 57]. Fluorescently labeled 100 nm NPs were diluted with E-medium to 1 ppm and applied to the top of the 3D culture. The 3D culture samples were harvested at 4–16 h post-treatment. The transepidermal migration of NPs was visualized using the z-scan imaging function of the Nikon Eclipse Ti2 (Nikon Inc., Tokyo, Japan) fluorescent microscope equipped with a motorized stage.

Accumulation of transepithelial NPs in dermal fibroblast cells
Primary dermal fibroblast cells were co-cultured with the 3D keratinocyte cultures after the epidermal layers were fully stratified. Similarly, 1 ppm NPs in DMEM with 100 nm diameter were applied to the surface of 3D keratinocyte cultures. The treatments lasted for 4 and 16 h. Thereafter, the co-cultured dermal fibroblast cells were washed with PBS and fixed by 4% PFA. The accumulation of NPs in dermal fibroblast cells was observed under the Olympus CKX53SF Inverted fluorescent microscope. Immunofluorescence with anti-pro-collagen Ia (anti-proCol Ia) and anti-α smooth muscle actin (anti-aSMA) antibodies was used to quantify the production levels of these two protein markers in dermal fibroblast cells. The quantification of the fluorescent signals was performed in ImageJ [58].

Statistical analyses
The distributions of qPCR, NP uptake, and protein intensity data were analyzed using the Shapiro–Wilk test [36] and Bartlett’s test [59] for the normality test of the datasets and for the homogeneity of data variance, respectively. All datasets were confirmed to be appropriate for the ANOVA and t-tests according to the normality and data variance tests. Multiple comparisons between treatment and control groups were performed using one-way ANOVA and Tukey’s post hoc tests. The p values from t-tests or adjusted p values from ANOVA were calculated to demonstrate the significance of the difference between groups.
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